Boreal forest nations are often thought to have similar environmental, social, and economic contexts. In this communication we show that boreal forest nations are a disparate grouping, with some similarities and many differences. Highlighting these differing national contexts provides insights into how a given nation utilizes the boreal forests over which it holds stewardship responsibilities. Current national contexts are related to each nation's physiography, climate, history, legacy of past forest management, the timing of transition from natural to plantation forests, population density and distribution, and access to resources and markets. Boreal forests are dominated by pioneer species that are resilient to disturbance and have a demonstrated ability to adapt to past climate changes. National responses to natural disturbances are linked to forest area, ownership, and management intensity. Boreal forests in large nations (e.g., Canada, Russian Federation) are typically publicly owned, and disturbances such as fire are allowed to progress naturally over remote areas. In smaller nations, where there is often a greater proportion of private ownership and a focus on production forestry, natural disturbances are more aggressively controlled (e.g., Sweden, Finland). Large nations with low boreal human population densities have a greater proportion of natural boreal forest, with relatively higher levels of biodiversity when compared to the fully managed forests of some smaller boreal nations. In smaller nations, the combination of limited forest area and private ownership has facilitated the dominance of intensive sustainable forestry management practices (e.g., Finland). Conversely, in nations with more spatially extensive forest assets that are publicly owned and managed to meet multiple objectives, extensive sustainable forest management practices dominate (e.g., Canada, Russian Federation).
Introduction
"Each country is unique in terms of the quantity, quality, characteristics, and descriptions of its forests. Countries also differ in terms of forest conditions relative to national population, such as the amount of forest per capita, the amount reforested annually per capita, or the annual forest growth per capita. National circumstances further differ with respect to stages of economic development, land ownership patterns, population patterns, forms of social and political organization, and expectations of how forests should contribute or relate to society" (Heiner 1995) .
The circumboreal community is an international community of nations, sectors, people, and unique physical environments. The boreal biome occurs in many industrialised nations, providing them with environmental, social, and economic capital. Understanding and respecting the differences between national and regional circumstances is a prerequisite for effective development of sound boreal research priorities (e.g., Kellomäki 2000 , Spence 2001 ) and policies (e.g., McDonald and Lane 2004 ) that collectively will help ensure circumboreal sustainability (Shvidenko and Apps 2006) .
In this communication, similarities and differences in national environmental, social, and economic boreal forest contexts are presented and compared. It should be noted that data availability, quality, and comparability are variable; thus, all numbers should be considered indicative only of general trends. Most national level statistics are not calculated by biome or ecozone, and as a result, the available data often include non-boreal areas, and are therefore (to varying degrees) considered a proxy for national trends in the boreal. Given the percentage of the forest that is boreal, the breakdown is a reasonable surrogate for boreal forest conditions in the Russian Federation, Canada, Sweden, Finland, Norway, Iceland, and St. Pierre and Miquelon (an overseas collective of France), but not the United States, China, Kazakhstan, or the United Kingdom.
Environmental Context
The circumpolar boreal biome ( Fig. 1) is located between the tundra and the temperate mixed and deciduous forests or savannah/prairie (approximately 45 o and 70 o north latitude; Larsen 1980, Foote and Krogman 2006) and covers approximately 1640 million hectares (ha) of which about 60% to 80% is forested (Dixon et al. 1994 , Iremonger et al. 1997 . Boreal forests represent approximately 27% of the world's forest cover (FAO 2001 (FAO , 2005 and contain some of the largest tracts of primary forest (no clearly visible signs of human activities and the ecological processes are not significantly disturbed) in the world (FAO 2006) .
A biome is a large ecological region, classified according to the prevailing climate and dominant vegetation types. While there is no universally accepted definition, the boreal forest biome is typically characterized by long, severe winters and short summers (Strahler and Strahler 1997) , and is dominated by a variety of cold-tolerant, slow-growing, generally short-lived coniferous (e.g., spruce, fir, and pine) and deciduous (e.g., larch, alder, birch, and aspen) tree species (e.g., Strahler and Strahler 1997 , Kimball et al. 2004 , Hytteborn et al. 2006 . The boreal biome contains many different environments. The borel forest is the forested part of the boreal biome. About three quarters of the boreal forest is closed forest (canopy relative stocking > 40%) and the remainder is open forest (relative stocking between 10% and 40%) (Shvidenko and Apps 2006) . Soils are typically Podzols and Cryosols with an abundance of organic soils (e.g., peatlands). The world's largest reservoir of peat, containing approximately 455 Gt of carbon (C) (Gorham 1991) , occurs in the boreal. The global value for peatlands is approximately 500 to 860 Gt C (Markov et al. 1988 , Bohn 1976 . Permafrost underlies approximately 60% of the boreal forest biome (Shvidenko and Apps 2006) .
Trees of the boreal forest are generally of a small size relative to their age. Coniferous boreal forests tend have lower net primary production (NPP) and net ecosystem production (NEP) when compared to temperate and tropical forests Linder 2000, Watson et al. 2000) . NPP in the boreal biome is estimated at 280 g m -2 yr -1 (Saugier and Mooney 2001) and NEP at 12 g C m -2 yr -1 (Bonan et al. 2003) . These low annual growth rates and NEP values are expected, as both are a function of the length of the growing season (time between spring thaw and autumn freeze) (Jarvis and Linder 2000) .
The boreal biome is characterized as having low taxonomic diversity, low functional redundancy in ecosystem properties, and low productivity (Hobbie et al. 1994 , Pastor et al. 1998 . Boreal biodiversity is low relative to the level of biodiversity in many other forested biomes (Millennium Ecosystem Assessment 2005) . While few boreal species are at risk of extinction, some species or populations are at risk: in marginal areas (transitional ecotones) where the species primary habitat is not within the boreal; where migratory species are subject to risk factors occuring outside the boreal forest biome (e.g., southern winter habitats); and, in areas where there is a high prevalence of private ownership and a long history of land use (e.g. . As natural disturbances (e.g., fire, insects, storms) are the primary agent of boreal forest stand rejuvenation (e.g., Apps et al. 1995 , Korpilahti et al. 1995 , Shvidenko and Apps 2006 , boreal forests are well adapted to disturbances, demonstrating high resilience (Lassig and Mocalov 2000 , Chapin et al. 2004b , Shvidenko and Apps 2006 . Further, as much of the North American boreal forest biome was covered with ice until approximately 18 000 to 6000 14 C years ago (Dyke 2004) , most North American boreal species are well adapted to rapid dispersal over poorly developed soils-making endemism relatively rare. Non-forested areas are distinguished by barren land, meadows, bare rock, and in some areas, water bodies (e.g., lakes, swamps, marshes). Globally, the boreal biome is increasingly becoming an important source of natural resources and associated revenues (e.g., energy, hydroelectric development, minerals and metals, timber and non-timber forest products) (e.g., National Roundtable on the Environment and the Economy 2005).
Boreal forest area
The lack of a universally accepted definition of boreal forest is accompanied by the absence of a standardized methodology for defining its spatial extent. A variety of methods have been used to assess and characterize the area of boreal forest, including field surveys, aerial photographs, and satellite remotely sensed data (e.g., Spribille and Chytry 2002 , Gamon et al. 2004 , Mather 2005 . Different methods result in the measurement of different variables, at differing scales, and the resulting areal estimates are thus not directly comparable. Assessing the status of the boreal forest is therefore challenging, as changes in the areal extent through time and space may result from changes in the type of source data used and/or from changes in definitions and methodological issues associated with measurement, as well as from genuine accretions and depletions of forest area (Mather 2005 , Gold et al. 2006 . Notwithstanding these caveats, Table 1 summarizes the distribution of circumpolar boreal forest by nation (FAO 2001 (FAO , 2006 . The estimate of total boreal forest area of 1105 million ha presented in Table 1 is a similar order of magnitude to the 1250 million ha in Apps et al. (1993) , the 1370 million ha in Dixon et al. (1994) , the 1046 million ha in Iremonger et al. (1997) , 1005 million ha in FAO (2001) , and the 1160 million ha in Shvidenko and Apps (2006) . It is noteworthy that the Russian Federation and Canada together have approximately 90% of the global boreal forest, whereas the Nordic (i.e., Finland, Iceland, Norway, and Sweden) countries collectively have approximately 5% (FAO 2001 (FAO , 2005 .
The total area of boreal forest does not appear to be declining (FAO 2006, Shvidenko and Apps 2006) . Considering only the countries where the forest is dominantly boreal (Russian Federation, Canada, Sweden, Finland, Norway, Iceland, and St. Pierre and Miquelon) there has been a slight increase in boreal forest area from 1990 to (FAO 2006 . In Canada and the Nordic countries the combined losses in area are less than or equal to the total gains per year leading to a net gain; in the Russian Federation the losses are greater than the gains (FAO 2006) . It is not clear to what degree these changes are real, and to what degree they are artefacts of improved measurement or changed definitions. Although, in Canada, forest area is increasing as marginal farmlands are left to return to forest cover (White and Kurz 2005) , suggesting that at least a portion of the apparent gain is indeed real.
Boreal ecological zones
The range of edaphic (i.e., chemical, physical, and biological characteristics of the soil which affect an ecosystem) and climatic (e.g., moisture, temperature) conditions found in the boreal have resulted in a number of different forest communities. These communities have unique characteristics such as natural disturbance regimes, biogeochemical cycles, and productivity, with each responding uniquely to external drivers such as climate change, anthropogenic disturbances, and ecosystem disruptions. Each boreal country has developed its own typology(ies) for boreal forests that recognize the range and variation present in that country. There is no standardized international methodology or classification system to describe these boreal communities, making international comparisons difficult.
The North American boreal forest is dominated by boreal moist and wet forest, the Russian Federation by boreal moist forest, and the European boreal is dominated by boreal wet forest (Iremonger et al. 1997 , Peinado et al. 1998 . Unique boreal environments include areas of boreal rain forest in Canada and the Far East, boreal dry bush in the Russian Federation and the Far East, and boreal desert in North America (Iremonger et al. 1997) . The global boreal can be broadly classified as coniferous (58%), forest tundra (33%), and mountain boreal (10%). In Canada, 40% of the total boreal forest area is found within the coniferous forest dominated ecozones, compared to 50% in the Russian Federation, 95% in Finland, and 67% in Sweden (Table 2) .
Boreal forest age-class dynamics
Generally, boreal forest stands are susceptible to disturbance and as a result, are short-lived in comparison to temperate forest stands (e.g., CFS 2001). Forest age-class demographics are important determinants of both market (e.g., timber and non-timber forest products) and non-market ecosystem goods and services (e.g., biodiversity, clean air, and water). Fig. 2 summarizes three examples of age class distributions from Finland, Sweden, and Canada, and illustrates the impact of different national circumstances on forest age class structures. Sweden's forest has the youngest age-class structure reflecting intensive forest management practices. Finland's forest has a baby-boom-like demographic wave reflecting the impact of the Second World War on its forest industry (Andersson and Östlund 2004) . In Canada, there was a high rate of natural disturbances in the late 1800s due to the Little Ice Age that altered species ranges and disturbances regimes, and restructured ecosystems McAndrews 1993, Bergeron et al. 2004) . There was also a high rate of accidental anthropogenic forest fire associated with the construction of the cross-continental railway in the late 1800s (e.g., Johnson et al. 1990 ). These disturbances resulted in the establishment of large cohorts of young forest stands in the early (Kurz and Apps 1999) . This current rejuvenation process may be due to a combination of both natural disturbance cycles and natural/anthropogenic climate change (e.g., Royama 1984 , Yu et al. 2003 , Campbell et al. 2004 , Gray and MacKinnon 2006 , Soja et al. 2007 ).
Boreal forest disturbances
Boreal environments are characterized by both natural (e.g., fire, insects, storms [ice, wind, rain] , and wildlife) and anthropogenic disturbances (e.g., land use, land use change, natural resource use management, pollution). Natural and anthropogenic disturbances may differ substantially in their ecological effects (Niemelä 1999) . Table 3 summarizes the relative importance of these different disturbances in boreal forest nations. While the North American boreal is dominated by crown fire (fire located primarily in tree crowns, often causing stand mortality and replacement), the Russian Federation forest is dominated by ground fire (fire located primarily in understorey and surface litter, often clearing underbrush but not leading to stand mortality and replacement). Disturbance in Nordic countries results mainly from storms and herbivory (as described below). This largely reflects the higher moisture levels in the Nordic boreal, which reduces the risk of fire ignition and spread. The rate and magnitude of boreal forest disturbances vary significantly through time and space. These differences are a function of a large number of natural and anthropogenic variables. Disturbances are agents of intentional or unintentional landscape transformation. Different edaphic, climatic, and vegetation variables, the size of the boreal asset, human infrastructure investment, forest ownership structure, and forest management functions (e.g., objectives and strategies) can significantly impact how natural and anthropogenic disturbances are managed (e.g., risk assessment and disturbance management strategies). Not surprisingly, in countries that have a small landbase and little forest land, and where forest stands are dominantly privately owned and managed for fibre, intensive sustainable forest management practices dominate (e.g., Nordic countries) (Löfman and Kouki 2003, Mielikäinen and Hynynen 2003) ; whereas, in nations with large forest assets, in which forest stands are dominantly publicly owned and managed for multiple purposes, extensive sustainable forest management practices dominate (e.g., Canada) (Siry et al. 2005) .
These two very different types of management practices have evolved as a function of different national circumstances and are thus difficult to compare. For example, in areas where the forest asset is dominantly publicly owned and where extensive sustainable forest management practices prevail (e.g., Canada), forest fire suppression mainly focuses on reducing risk to human infrastructure and, where possible, the protection of forest resources. This strategy attempts to maintain the integrity of the forest ecosystem including its natural disturbance cycles and natural stand structures. Conversely, in areas where intensive sustainable forest management practices dominate (e.g., Nordic countries), disturbances are almost always mitigated in order to reduce loss of fibre and non-wood forest products. Sustainable forest management, whether it is extensive or intensive, involves tradeoffs. For example, areas that are being intensively managed for fibre may lose some of their non-market natural capital. This is illustrated in the Nordic countries, which over the last 150 years have managed their forests almost exclusively for sustained fibre yield, in the process reducing inter alia biodiversity, the number of large trees, the amount of standing dead trees, the quantity of forest floor litter and peat stocks (Schilstra 2001 , Kuuluvainen and Laiho 2005 , Hytteborn et al. 2006 . Finally, the sheer size and low density of human habitation in the boreal forest in the Russian Federation and Canada make natural disturbances much more difficult to manage than in smaller countries such as the Nordic countries.
Natural disturbances
In the Siberian and North American boreal, fire is the most important agent of disturbance (Table 3 ). In the absence of significant fire in much of the European boreal, animal herbivory and storms are considered the most significant natural disturbances. In Canada and Alaska, animal herbivory and storm disturbances have not been measured at the biome level, although they do occur. In Canada, herbivory may have been significant at a regional scale in the past, as there is evidence that the southern margin of the boreal forest in western Canada was prehistorically controlled in part by large animal herbivory (Campbell et al. 1994, Campbell and Campbell 2000) . In the Russian Federation, Canada, and Alaska, annual reductions in standing biomass due to natural disturbances are significantly greater than reductions due to harvesting (Conard et al. 2002 , MCPFE 2003 , USDA et al. 2005 , FAO 2006 ). In the smaller boreal nations (e.g., Nordic countries) reductions due to harvesting outweigh reductions due to natural disturbances (Kasischke and Stocks 2000 , Väätäinen 2001 , MCPFE 2003 , FAO 2006 .
Fire ecology is a function of edaphic, climatic and vegetation characteristics. At a high level, boreal forests can be divided into three main ecological groupings based on fire ecology (Campbell and Flannigan 2000 , MCPFE 2003 , USDA et al. 2005 , Hytteborn et al. 2006 ): 1. regions where fire is rare (e.g., European boreal forest in the Russian Federation, Sweden, Finland, Norway, United Kingdom, Iceland, eastern Canada); 2. regions dominated by significant levels of stand-destroying crown fires (e.g. western Canada); and, 3. regions dominated by significant levels of non-stand destroying surface fires (e.g., Siberian boreal, Alaska).
While it is widely believed that in the intensively managed, small, privately owned boreal Nordic forests, fires are largely under the control of forest managers (Shvidenko and Apps 2006) , the high level of humidity in the region also likely reduces the magnitude and frequency of fire as it does in eastern Canada (Campbell and Flannigan 2000) . Furthermore, given the relatively high population density in the European boreal, landscape fragmentation (e.g., conversion to agricultural land) may also have contributed to the low fire rates (Flannigan et al. 1998 , Paatalo 1998 ). In addition, there has been a boreal-wide shift in the dominant cause of fire ignitions from lighting to human-induced fire. For example in the Russian Federation between 2002 and 2005, 87% of fires were started by people . In the Russian Federation this human impact on fire has been attributed to a lack of fire suppression and ineffectual fire-management policies, new socioeconomic conditions in the region, and the revitalization of the oil industry (Dienes 2004 , Karpachevskiy 2004 , Achard et al. 2005 . In Canada human-caused fires accounted for approximately 65% of fire ignitions, but only 35% of the area burned (Stocks et al. 2002) . Other research has indicated that changes in human influence have resulted in changes in fire regimes. The results of a study by Wallenius et al. (2005) revealed the non-random spatial and temporal nature of forest fires in an unmanaged area of Fennoscandia and northwest Russia, suggesting that much of the historical fire activity in this area was human-caused, and that a change in human behaviour had resulted in a change in fire regime in this area (in contrast to other theories that climate change or a change in fire suppression activity were causal agents of changes in fire regimes).
Insect disturbances can also have a large impact on forests; insect-induced mortality in Canada during the period 1920 to 1995, impacted 76 million ha (Kurz et al. 1995) , with the annual rate of disturbance attributed to insects tripling after 1970 (Kurz and Apps 1999) . In 2004, the total area of forest defoliated by insects or killed by beetles in Canada was estimated at 13.1 million ha. Similar trends have been obtained for Russian Federation forests, where recent insect damage and disease mortality have affected as much as four million hectares annually. Some of this increase in damage may be attributable to an increase in the spatial extent of monitoring activities. In Siberian and Canadian forests, insect damage is estimated to be of the same magnitude as fire loss (IPCC 2001b) . Like fire, some types of insect disturbances can be stand-destroying (e.g., bark beetles) whereas other types (defoliators) may not be; however, defoliators often result in long-term losses in volume (e.g., Hall 1995 , Parsons et al. 2003 , Mayfield et al. 2005 , Soja et al. 2007 . Also like fire, insect disturbances vary through time and space in response to stand conditions, weather, and other factors. For example, a mountain pine beetle outbreak in British Columbia, Canada, has increased from 164 000 ha in 1999 to 8.5 million ha in 2005 (Westfall 2006 et al. 2006) . The mountain pine beetle has expanded into areas that have no previous record of infestation and poses a significant threat to Canada's boreal forests (Logan and Powell 2001 , Carroll et al. 2004 , Carroll 2005 .
Anthropogenic disturbances
Like natural disturbances, anthropogenic disturbances and thus their consequences differ significantly between nations. At a global level, direct anthropogenic disturbance in much of the boreal is generally of less importance than in temperate or tropical regions (Malhi et al. 1999) . Much of the European boreal has a very large anthropogenic footprint (i.e., area under human influence), whereas much of the Canadian, Siberian, and Alaskan boreal forests have a smaller anthropogenic footprint (Table 4 ; Sanderson et al. 2002 , USDA et al. 2005 , FAO 2006 . The key reason for these differences include: different temporal and spatial settlement histories, land ownership structure, geography, climate, forest types, forest disturbance regimes, forest age class composition, size of boreal asset and forest management practices. Canada, for example, is a young and very large country, with a relatively small population concentrated along its southern border. As a result, there is no current or planned access to, or management of, a very substantial portion of the total forest. Most of Canada's forest is publicly owned. Due to logistics and the demands of ecological sustainability, forests tend to be natural and extensively managed (FAO 2006) . In contrast, Finland has been settled for much longer than Canada, has a much greater population density, a well-developed transportation and service infrastructure, and thus greater access to the boreal forest. Finnish forests are mostly privately owned, intensively managed and semi-natural (FAO 2006) .
There are distinct differences between forest characteristics in the countries that have boreal forest. For example, the Russian Federation and Canada have 78% of the globe's primary forest and 68% of the globe's modified natural forest; whereas, the Nordic countries have 1% and 0% respectively. Conversely, the Nordic countries have 51% of the globe's semi-natural forest, whereas the Russian Federation and Canada have 0% (Table 4 ). The proportions of natural/modified, natural, semi-natural and plantation forests change through time. However, given the economic pressure to move towards high productivity (but lower biodiversity) plantations and the development of new access roads and other infrastructure, the trend is for change to be unidirectional, away from natural forest and towards plantations. In those countries with mature infrastructure and long histories of commercial forest exploitation, such as the Nordic countries, this means that the forest has already been largely converted and is no longer changing rapidly; in those regions such as northern Canada and Siberia where commercial exploitation/development has only recently begun and there is still, therefore, a large area of natural forest, the rate of conversion is inevitably higher (e.g., Achard et al. 2006) . For example, in Canada's western boreal forest area, key agents of anthropogenic change have been identified as commercial forestry, fossil fuel, mining, agriculture, climate change, and hydrologic alterations (Foote and Krogman 2006) . Although these change agents are presented in relation to impacts upon wetlands, the findings of Foote and Krogman (2006) inform upon the nature, type, and intensity of anthropogenic activity in the western boreal and indicate within nation differences.
In the small Nordic boreal, forests are intensively managed, with a limited area protected (UNEP 2005) . This has been attributed to high private ownership and land use history . Furthermore, not all of the protected e introduced species and in some cases native species, established through planting or seeding mainly for production of wood or non wood goods. f native or introduced species, established through planting or seeding mainly for production of wood or non wood goods.
Nordic boreal forests are considered typical of natural forests that would have existed in the region at the beginning of the 20 th century (Uotila et al. 2002 (Table 1) . Throughout the circumboreal forest, many protected areas occur in national parks, areas that are difficult to access, areas underlain by permafrost, and areas with lower than commonly available commercial value (e.g., Nilsson and Götmark 1992 . In 2000, the FAO reported that only 5.0% of boreal forest was found in protected areas, compared to 15.2% for tropical forests, 11.3% for subtropical forests, and 16.3% for temperate forests (FAO 2001) . Not surprisingly, protection of boreal forests is much more difficult to achieve in boreal nations with a greater proportion of private ownership (Parviainen and Frank 2003, Mayer and .
Pollution
Boreal forest ecosystems have been described as reservoirs of pollution: places where pollution and related precursors are stored (e.g., mercury, radionuclides) (Johansen et al. 2003 , Nordin et al. 2005 , Su and Wania 2005 , Turetsky et al. 2006 , Yoschenko et al. 2006 . These forest ecosystems hold large pollution stocks (the amount of pollution in the reservoir at a given time) in their trees, soil, peat, and water. A forest in which pollution stocks are increasing is called a pollution sink; one in which pollution stocks are decreasing, a pollution source. Whether a forest is a pollution sink or source can and does change over time. Forest management (e.g., disturbance management) can impact a forest's pollution sink-source status. When the forest is disturbed by fire, insects, harvesting or other factors, some of the pollution is released to the air, soil, or water and the forest becomes a pollution source. When the forest grows again, it absorbs pollution from the air, soil, and water and stores it in the plant tissue, forest floor litter, soil, and peat, and the forest becomes a pollution sink. The construction of hydroelectric dams, and the associated reservoirs that ensue, are a significant source of mercury and greenhouse gas emissions; not only is the vegetation in the area flooded and thus no longer available as an assimilator of greenhouse gases, but as the vegetation and surficial organic matter decomposes, mercury is released into the water and carbon dioxide and methane are released into the atmosphere. This elevated level of greenhouse gas emissions is thought to diminish over time (Tremblay et al. 2004) . Rosenberg et al. (1987) estimated that approximately 20 000 km 2 of Canada's boreal forest had been lost to hydroelectric reservoirs, with an additional 11 000 km 2 slated for hydroelectric development.
Wood smoke contains many substances that are considered harmful to human health (Stolhywo and Sikorski 2005, New Hampshire Department of Environmental Services 2006, Pope and Dockery 2006) . Smoke from forest fires is a major source of smog and particulate pollution and has been implicated in asthma and other respiratory illnesses, cardiopulmonary morbidity and mortality, and increased health care costs (Cheng et al. 1998 , Guenther et al. 2000 , Chung 2003 , Zhang et al. 2003 , Mott et al. 2005 . Smoke from forest fires can travel long distances. For example, smoke from a forest fire in the Northwest Territories, Canada, is thought to have caused a pollution event in Atlanta, Georgia (Wotowa and Trainer 2000) , particulate matter from forest fires in Quebec was transported to Baltimore (Sapkota et al. 2005) , and smoke from the Russian Federation negatively impacted air quality in Korea . Boreal forest fires have also been linked to increased remobilization of stored toxics such as mercury and methylmercury (St. Louis et al. 2001 , Sigler et al. 2003 , Turetsky et al. 2006 ) and radionuclides (Johansen et al. 2003 , Yoschenko et al. 2006 contributing to exacerbating toxicities for northern food chains. Fine black particulate matter from boreal forest fires has also been linked to global warming through its effect on albedo (Hansen et al. 2000 , Menon et al. 2002 , Highwood and Kinnersley 2006 .
At the biome level, boreal ecosystems have not been significantly impacted by pollution; however, there are pollution hot spots, such as oil and gas development, smelters, open pit mineral and energy extraction, and nuclear accidents and test explosions (e.g., Rigina et al. 1999 , Aamlid et al. 2000 , Reimann et al. 2001 , Hytteborn et al. 2006 . Due to high levels of air pollution, significant tracts of the Siberian and European boreal forests are being, or are at risk of being, damaged (Rigina et al. 1999 , Lorenz et al. 2002 . For example, Shvidenko and Nilsson (1994) indicate that an area of 6.5 million ha in Siberia has been negatively affected by industrial pollution.
In developed countries, the major impacts of air pollution on forest services are likely to be on recreation and non-wood products . For example, in much of the European boreal forest, there is still radioactive 137 Cs in forests and other natural and semi-natural ecosystems since the 1986 accident at the Chernobyl nuclear power plant, which contaminated both wood and non-timber products, including food (e.g., Avery 1996, Tveten et al. 1998 , STUK 2003 For example in 2006, sheep in Norway were found to be contaminated with unusually high levels of radioactivity from the Chernobyl disaster; levels of 137 Cs in the sheep reached 7000 becquerels per kilogram (bq/kg), largely from eating 137 Cs-contaminated mushrooms. In Norway the level of radioactivity in food deemed safe for human consumption is 600 bq/kg (New Scientist 2006).
Acid deposition (rain, fog, snow) can lead to nutrient imbalances and toxicity in trees, which in turn can increase sensitivities to other stresses such as insect infestations and cold sensitivity (Ulrich 1984 , Sverdrup et al. 1994 , Cronan and Grigal 1995 , Binkley and Hoberg 1997 , Adams et al. 2000 . Some boreal forest areas (e.g., European) receive more acid deposition than others (e.g., Canada). Effects are most significant in watersheds and lakes in regions where the soils are poorly buffered. In these conditions, lake acidification, reduction in biological activity, and changes in species composition can occur (e.g., Huser and Rydin 2005) . Research into the impacts of acid deposition on boreal forests has produced varying results. Some studies have quantified impacts on forest growth (DeHayes et al. 1999; Ouimet et al. 2001) , while the results of other studies suggest acid deposition is not currently damaging the growth of boreal forests (e.g., Hall 1995 , Binkley and Högberg 1997 , Solberg et al. 2004 and is less serious than originally believed (Menz and Seip 2004) .
Tropospheric ozone has been shown to impact the structure and productivity of forest ecosystems in industrialized countries and is likely to increase in extent, with further industrial development and agriculture management (Percy and Ferretti 2004) . Nitrogen deposition, which is higher in northern Europe than elsewhere (Nordin et al. 2005) , has been implicated in productivity increases or decreases (depending on species and conditions) over large regions. Boreal forests, which historically have been nitrogen-limited, appear to be most affected (Federal Research Centre for Forestry and Forest Products 2006).
Impacts of human physical infrastructure
Our understanding of the cumulative impacts of disturbances on the landscape is increasing with greater emphasis on integrated landscape management (e.g., Schneider et al. 2003 , Bayne et al. 2005 . Human physical infrastructure affects landscapes both directly and indirectly. For example, linear features such as roads, cut-lines, seismic lines, and pipelines can create new edge habitats, alter hydrological dynamics, disrupt ecological processes, increase mortality in animals, lead to a degradation, loss and isolation of wildlife habitat, provide access for hunting and other uses, and can cause landscape fragmentation and soil compaction (e.g., Vaisanen et al. 1986 , Roland 1993 , Hobson and Bayne 2000 , Kuri et al. 2000 , Patriquin and Barclay 2003 . It has been shown that linear features can act as wildlife corridors, thereby altering predator-prey dynamics (including hunting) and impacting species composition by facilitating the introduction of invasive alien species (e.g., Lambert and Hannon 2000 , Fleming and Schmiegelow 2003 , Oberg et al. 2003 , James et al. 2004 , Bayne et al. 2005 , Hannon and Drapeau 2005 , Merrill et al. 2005 . Despite their many potential negative consequences, roads facilitate improved control of natural disturbances such as forest fire by acting as firebreaks and providing access for suppression crews. In parts of the circumboreal where there is significant human presence (e.g., European boreal), there is little forest area left that is not directly impacted by human infrastructure. However, there are still significant areas of the boreal in the Russian Federation and Canada that have not yet been impacted by human infrastructure (Sanderson et al. 2002) .
Impacts of climate change
It is anticipated that climate change will result in shifts in species distributions (Malcolm et al. 2002 , Walther et al. 2002 and that the boreal forest will experience a net increase in species diversity, accompanied by increased competitive interactions amongst species (Thuiller et al. 2005) . The boreal has been characterized by significant climate changes through time. The paleoecological evidence shows that the boreal forest biome has changed dramatically through time (Adams et al. 1990 , Campbell and McAndrews 1993 , QEN 1995 , Adams and Faure 1997 , and that the boreal is dominated by species that would elsewhere be considered pioneer species, capable of rapid migration into barren lands when the climate or environmental conditions allow (e.g., aspen). Most boreal species survived glacial episodes and associated climatic extremes, suggesting these species may be capable of adapting to climate warming.
While "the ability of trees to track anthropogenic warming may be more limited than previously thought" (Anderson et al. 2006) , assessing impacts of global change is complicated by the problems associated with translating models and data across spatial and temporal scales (Peterson 2000) . Further, the impacts of climate change are expected to be spatially uneven, with greater relative warming expected in the continental interiors. The large continental interiors of the Canadian and Russian Federation forests can be expected to be impacted by changes in climate that would lead to potential changes in length of growing season, hydrological regimes, disturbance regimes, species suitability, and productivity. The possible manifestations of these changes and the rate at which they will occur are the subject of intensive research and debate (e.g., Flannigan et al. 1998; Walther et al. 2002; Chapin et al. 2004a, b; Anderson et al. 2006) .
The Intergovernmental Panel on Climate Change (IPCC 2001a) has found that the boreal forest biome will experience a relatively greater increase in temperatures than will lower latitude regions. Temperature changes over the past 100 years have been greater in the boreal, with increases of 2°C to 3°C (Stocks et al. 1998) . The areas most likely to be impacted are the ecological transition zones (e.g., boreal margins). Models indicate that future environmental boreal dynamics will evolve with the changing conditions. As has occurred in the past, future changes will likely result in a reorganization of plant and animal assemblages. Depending on the magnitude and rate of climate change (and other associated changes in global biogeochemical cycles and anthropogenic activities) the species associations apparent today may change in both spatial distributions and composition (IPCC 2001b) , and thus dynamics.
The boreal forest biome contains 30% to 35% of global terrestrial C storage and is thus an important variable in the global climate system (Apps et al. 1993 , McGuire et al. 1995 , Zoltai and Martikainen 1996 , Alexeyev and Birdsey 1998 . The boreal ecosystem contains approximately 64 mg/ha C in vegetation and 343 mg/ha in soil (including organic soils/peatlands). The total boreal C-stock is approximately 88 Pg C in vegetation and 471 Pg C in soil. Boreal soils have more C than those of any other biome. Much of the C is contained in organic soils (10-40%) and much of it is labile and can easily oxidise (Neff and Hooper 2002) through fire or decomposition, both of which are expected to increase in the near future due to climate change (Yu et al. 2003 , Turetsky et al. 2006 . This would, in turn, release more C into the atmosphere and further exacerbate the affect of climate change. In addition anthropogenic activities that affect forest C storage (i.e., fire suppression, peat/wetland drainage, land use, land use change, forestry) can also impact global change (Watson et al. 2000) .
Scientific evidence is mounting that climate change in Canada, the Russian Federation and Alaska is already resulting in rapid non-linear change. These changes include changes in tree-line elevation, decreased forest health, increased insect infestations and large fires (Soja et al. 2007) , shrub thickening at the northern boundaries (Strum et al. 2001) , and increased permafrost melting and associated greenhouse gas emissions (Gillett et al. 2004 , Zimov et al. 2006 , Lavorel et al. 2007 . Despite these changes, field observations suggest that, for the moment, the spatial extent of boreal forest extents remain basically stable. This may reflect inherent lags between forest response and climate change, or competitive pressures between tree stands and surrounding tundra and herbaceous vegetation (Masek 2001) . However, at least once in the past, a climatic warming led to a very rapid transformation of the forest tundra to forest (MacDonald et al. 1993) . It has been suggested that forest stands, once established, do not much respond to small changes in climate, and that the bulk of the response to climate change may come in the form of regeneration failures or stand type changes following disturbances (Hogg 1997 , Hogg and Schwarz 1997 , Hogg and Bernier 2005 . Poor regeneration of forest following fire has been observed along the southern boreal/grassland boundary (Hogg 1997) and in climatically dry areas of the southwestern Yukon (Hogg and Wein 2005) .
Social Circumstances Boreal demographics
Most boreal nations have an aging population (median age 36.4 years) and a low population growth rate (mean 0.4% per year) (Table 5 ). This is in marked contrast to tropical regions where the population is dominated by a young and rapidly growing population (for example the median age in Brazil, India and Indonesia is 26.3 years and the population growth rate is high, at 1.3% per year). The demographic differences between boreal and tropical nations will likely have significant impacts on future forests and forestry.
At a national level, the total available boreal area necessary to produce forest market (timber and non-timber forest products) and non-market (e.g., clean air and water) goods and services per capita vary widely between boreal nations. Canada has the smallest population per ha of boreal forest, and the United Kingdom the largest (Table 6 ).
The GDP real growth rate and GDP per capita within boreal nations is highly variable-ranging form $6800 (China) to $42 800 (Norway) ( Table 7) . Kauppi et al (2006) found that the growing stock of forests increased between 1990 and 2005 for all nations with a GDP greater than $4600 per capita. They conclude that the propensity for nations to strive towards a higher GDP, and the policies often associated with raising the GDP, do not necessarily always result in a reduction of the forest growing stock. This provides a source of optimism regarding the future state of forests, with many nations moving towards a forest transition from a net reduction, to a net increase, in total forest area.
Ownership and forest management
In the circumboreal countries, 86% of the forest land is publicly owned and 14% is privately owned (Table 8 ). In the Russian Federation, Canada, China, Kazakhstan, and St. Pierre and Miquelon, the majority of forests are publicly owned. In the United States, Finland, Sweden, Norway, United Kingdom and Iceland, the majority of forests are privately held. (CIA 2006) In the Russian Federation, China, Sweden, Finland, and Norway the majority of forest is managed for forest production (Table 9 ). In Canada, the United States, Kazakhstan, the United Kingdom, Iceland and St. Pierre and Miquelon, the majority of the forest land is managed for multiple purposes. In the Nordic countries where forests are dominantly privately owned (Sweden, Finland, and Norway) forest production is the primary function of the forest.
Management practices and descriptive terminology differ substantially across the circumboreal. For example, in some cases (e.g., steep mountainous slopes with thin soil) clearcutting can cause soil erosion and significantly reduce the probability of successful stand regeneration. Clearcutting stands with significant amounts of Calamagrostis canadensis can lead to rapid expansion of the grass, which can seriously hinder regeneration (largely a western Canadian boreal problem). Also, watering-up (rise in water table) after clearcutting (due to loss of leaf area and a consequent reduction in interception and evapotranspiration) is an issue at wetter sites (Dubé et al. 1995) . Alternatively, in other areas where fire is the major stand-renewing process (as is the case for most of the western Canadian boreal where stands therefore tend to be even-aged, mono-specific or, aspen-spruce mixedwoods) clearcutting is used to emulate natural processes (Perera et al. 2004) . Clearcutting is also sometimes used to describe the high grading of mature trees in a stand and leaving the younger trees intact for regeneration, which is elsewhere called selective harvesting. The lack of standardized forest management terminology reduces the meaningfulness of international comparisons, hampers international assessments, and obscures the suitability of different silvicultural practices to locations.
Economic Context Harvesting
It is unknown exactly how much industrial roundwood is extracted from the boreal forest; it has been estimated that the boreal contributes approximately three quarters of the global supply of industrial coniferous wood (Shvidenko and Apps 2006) , an increase from approximately 40% of the global supply in 1992. This share is forecast to remain the same in 2010 and 2020 (Nilsson 1996) . The export value of circumboreal forest products has been valued at approximately 47% of the total global forest exports, providing 5% of gross export earnings in the Russian Federation, 13% in Canada and 9% to 34% in the Nordic countries (Nilsson 2000) .
Boreal countries are not removing wood proportional to their share of boreal forest. For example, the Nordic countries, with 5% of the global boreal forest, removed approximately 150 million m 3 (over bark) in 2005, whereas the Russian Federation, which has 70% of the global boreal forest, removed approximately 180 million m 3 (over bark) (FAO 2006) . In areas that are replanted after harvesting rather than being left to regenerate naturally, foresters have favoured conifers at the expense of other species. This practice can significantly alter forest composition, as it has in Finland. In North America, hardwood species have become an important source of various wood and paper products, whereas the use of boreal hardwoods in Russia is practically non-existent (Shvidenko and Apps 2006) .
Illegal logging occurs in all boreal countries to some extent. According to World Bank estimates, governments lose revenues totalling approximately US$5 billion annually as a Forest/other wooded land designated for: c extraction of forest goods, including both wood and non-wood forest products. d protection of soil and water. e conservation of biological diversity. f recreation, tourism, education and/or conservation of cultural/spiritual sites. g any combination of: production of goods, protection of soil and water, conservation of biodiversity and provision of socio-cultural services and where none of these alone can be considered as being significantly more important than the others. h which a specific function has not been designated or where the designated function is unknown. (FAO 2006) tropical forests; however, market forces have resulted in a concentration of certification in northern temperate and boreal forests (Taylor 2005) . Only a small proportion of global forests are certified (4.2%) (van Kooten et al. 2005) , and the majority (93%) are located in the northern hemisphere (Siry et al. 2005) . Canada has the largest area of third-party, independently certified forests at 119 million ha and 75% of this is boreal forests. Canada's area of certified boreal forest is three times larger than any other country's area of certified forest. Firms and forest owners who exported a high proportion of their products were more likely to seek certification in order to satisfy their clients in the importing countries (van Kooten et al. 2005) . The extent to which forest certification has enhanced the use of sustainable forest management practices is unclear (Ramesteiner and Simula 2003, Klooster 2005) . Although the intent is similar, the definition and scope of sustainable forest management, and the means by which sustainability are measured, are not universal (Wang 2004) . Three separate major international initiatives are striving to define sustainability and establish criteria and indicators: the International Tropical Timber Organization, the PanEuropean Process, and the Montréal Process (McDonald and Lane 2004) . Although these processes are separate, they have similar and comparable themes. The Collaborative Partnership on Forests has used these themes as the basis for harmonization of data collection and reporting requirements (Gold et al. 2006) . The first international forest certification program was established by the Forest Stewardship Council (FSC) in 1995. The FSC is an international non-governmental organization that has certified 80 million ha of boreal, temperate, and tropical forests in 74 countries. Hickey et al. (2006) found regulatory approaches to certification and monitoring, and information reporting practices are quite different between Canada, the United States, and Europe. The practical implication of this is that without harmonization, forest managers in certain jurisdictions could be placed at a competitive disadvantage.
Discussion and Conclusions
Although linked by a number of common issues, each circumboreal nation is unique. This uniqueness is due to differences in national circumstances (environmental, historical, social, and economic), and must be recognized and respected internationally. As a result of these differences, there can be no single and universal best practice formula for boreal forest management policies and measures. Appropriate boreal forest policies and measures must be determined by each sovereign country according to its own national circumstances, and supported by science.
At any given time and place, boreal ecosystems are the net result of the interaction of many variables, including a complex web of biotic (e.g., insects, animal herbivory), abiotic (e.g., climate, fire, soil development) and anthropogenic activities (e.g., land use, land use change, natural resource activities, policies and measures). Scientists have yet to arrive at a consensus on the number and the causes and effects of many of the individual variables-let alone their cumulative impacts. What is known is that circumboreal ecosystems have been, and will continue to be, characterized by significant variability through time and space. Ecosystem changes (both natural and anthropogenic) can have significant impacts on physical, chemical, and biological functions (Schindler et al. 1990) , and can leave a long-term legacy on the landscape (Kurz and Apps 1999 , Apps et al. 2000 , Bhatti et al. 2003 and thus on its future uses.
Scientific research indicates that both natural and anthropogenic global changes will continue to alter circumboreal economic, natural, and social capital. Sustainable management and optimization for change will be critical to the development of future national and international sustainability and stewardship frameworks and good boreal policies and measures (e.g., technology promotion and opportunities, flexibility mechanisms, regulatory and economic instruments, voluntary initiatives, public education and outreach). Optimizing for change must also take uncertainty into account; maintaining biodiversity and variety in forest structures may be crucial when planning for an uncertain future. Historical forest policies resulted in significant shifts in costs, prices, technology and raw material supplies (e.g., United Nations Economic Commission for Europe 2005), and have had significant impact on the forest sector. Countries will continue to update their forest policies to incorporate changing paradigms and economic, social and cultural realities.
The keys to sustainable boreal forest management are ecological health and resilience, economic vitality, and social value and equity. If one element fails, then sustainability fails in the long term. Managing for these variables is a formidable challenge (Wang 2004 ). An important starting point in meeting the sustainability challenge is the development of a common language and framework. An understanding of the salient issues from a circumboreal perspective will aid in the development of such a framework for ensuring boreal forest sustainability (Shvidenko and Apps 2006 ).
An understanding of the different national circumstances across the circumboreal community will hopefully lead to a greater appreciation of the forest management context within which each nation exercises its stewardship mandate. The uniqueness of each nation must be acknowledged and understood, particularly when international initiatives regarding boreal forests are proposed.
